The structure of semi-magic 70 28 Ni 42 was investigated following complementary multinucleontransfer and secondary fragmentation reactions. Changes to the higher-spin, presumed negativeparity states based on observed γ-ray coincidence relationships result in better agreement with shell-model calculations using effective interactions in the neutron f 5/2 pg 9/2 model space. The second 2 + and (4 + ) states, however, can only be successfully described when proton excitations across the Z = 28 shell gap are included. Monte-Carlo shell-model calculations suggest that the latter two states are part of a prolate-deformed intruder sequence, establishing an instance of shape coexistence at low excitation energies similar to that observed recently in neighboring 68 Ni.
I. INTRODUCTION
The structure of neutron-rich nuclei in the vicinity of 68 Ni has been the subject of considerable scrutiny in recent years, including investigations related to the magicity of 68 Ni [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , the existence of multiple coexisting shapes [11] [12] [13] [14] , the presence of intruder states originating from orbitals across a shell gap [15] [16] [17] [18] [19] [20] [21] [22] , and the unexpected disappearance of seniority isomers [23] [24] [25] [26] [27] [28] [29] . The delineation of levels up to several MeV in excitation energy in these nuclei is an important step towards providing a firmer understanding of their properties through comparisons with modern theoretical models. Much of this effort has been concentrated thus far on 68 Ni itself, with substantial improvements made to the level scheme [30] [31] [32] and deduced decay rates [12, 31] , as well as with comparisons of the data with Monte-Carlo shellmodel (MCSM) calculations [33, 34] . The latter have provided strong evidence for coexisting spherical, oblate, and prolate shapes in this nucleus [12, 13] . The calculated potential-energy surfaces in Ref. [13] also indicate the likelihood of shape coexistence in 70 Ni. Most of what is known of the 70 Ni level scheme comes from β-decay studies [26, 35] or from isomer tagging following fragmentation reactions [23] [24] [25] . In the latter works, a 232(1)-ns (8 + ) state, decaying via a fourtransition cascade to the ground state, was identified at 2860 keV in 70 Ni and attributed to a seniority isomer based on the (νg 9/2 ) 2 configuration. The β-decay measurements added three more levels: A 1868-keV state was observed [26, 35] to decay by a 608-keV γ ray to the 1260-keV 2 + 1 level and, in Ref. [35] only, by a direct 1868-keV transition to the ground state. This state was assigned spin and parity I π = (2 + 2 ) [26, 35] . Both of these works identified a 683-keV γ ray in the β decay of the (6 − , 7 − ) 70 Co isomer and placed it as feeding the 2679-keV (6 + ) level, resulting in a proposed 3362-keV (7 − ) state [26, 35] . Sawicka et al. additionally observed a 916-keV γ ray that was assigned as the decay of a new 3146-keV (5 − ) state [26] .
Although the yrast sequence could be reasonably well reproduced by shell-model calculations using a 56 Ni core and a neutron f 5/2 pg 9/2 model space, the (5 − ) and (7 − ) states, originating from excitations of negative-parity f p neutrons across the N = 40 shell gap into the g 9/2 subshell, were found to be spaced several hundred keV more closely experimentally than predicted [26] . This suggested that there was an issue with cross-shell particlehole excitations for the interactions used in the calculations. More problematically, calculations in such a model space were unable to reproduce a 2 + 2 level located as low in energy as 1868 keV [36] (see also Sec. IV).
This paper presents results on the structure of 70 Ni from the same data sets used in recent studies of 68 Ni [30, 31] . As with 68 Ni [12, 13, 31 ], the updated 70 Ni level scheme is compared to shell-model calculations using interactions confined strictly to neutron excitations and to MCSM calculations employing a much larger model space, revealing better agreement for the negative-parity levels and insight into the nature of the non-yrast lowspin levels. These data provide a new test of the interactions relevant for the description of more exotic neutronrich nuclei out to doubly-magic 78 Ni and beyond and hint at a deeper understanding of their underlying structure.
II. EXPERIMENTAL DETAILS

Excited states in
70 Ni were populated in multinucleontransfer reactions between a 440-MeV 70 Zn beam and a ∼50-mg/cm 2 208 Pb target. The beam was provided by the ATLAS facility at Argonne National Laboratory in ∼0.3-ns-wide beam pulses delivered to target every 412 ns. The target, located at the center of the Gammasphere array of 100 Compton-suppressed high-purity Ge (HPGe) detectors [37] , was sufficiently thick to stop all reaction products. Additional details of the experiment and analysis, including the sorting of γ rays into prompt and delayed coincidence cubes and angular-correlation matrices, with subsequent examination with the radware analysis codes [38] , are described in Ref. [30] .
A complementary experiment employing secondary fragmentation reactions from a cocktail beam including predominantly 73 Cu and 72 Ni ions at the Coupled Cyclotron Facility of the National Superconducting Cyclotron Laboratory was also used to study excited states in 70 Ni. Details of this experiment are provided in Ref. [31] . The 70 Ni reaction products were identified on an event-by-event basis with the focal-plane detection system of the S800 spectrograph [39] . Prompt γ rays associated with 70 Ni events were detected with the high-resolution detector array GRETINA [40, 41] , comprised of seven modules with four, 36-fold segmented HPGe crystals each, arranged around the target position of the S800 spectrometer. Decomposition of signals [41] generated by the detection of γ rays emitted by the in-flight (velocity v = 0.374c) reaction products provided sub-segment position resolution for event-by-event Doppler reconstruction. Analysis of γ-ray-single and γγ-coincidence events from GRETINA was performed with the radware software package and its associated background-subtraction algorithms [38] . The 70 Ni γ-ray spectra associated with secondary reactions from either 72 Ni or 73 Cu incident ions were found to be very similar; thus, the 70 Ni data were combined irrespective of the incoming projectile.
III. RESULTS
A. Multinucleon-transfer reactions with Gammasphere
The yrast sequence of 70 Ni had been previously delineated up to a 232-ns isomer at 2861 keV [24, 25] , indicated in the level scheme in Fig. 1 . Transitions have also been observed in the β decay of 70 Co that bypass this isomer [26, 35] . Thus, the analysis of the Gammasphere data proceeded using different combinations of prompt (P) and delayed (D) coincidence gates. A sum of double gates on each pair of the 1260-, 970-, and 448-keV transitions in the DDD cube produces the backgroundsubtracted spectrum given in Fig. 2(a) , where all three of these lines and the 183-keV isomeric transition can be seen. A spectrum double gated on the 1260-and 970-keV γ rays in the PPP cube, Fig. 2(b) , also demonstrates the expected coincidence with the 448-keV γ ray. Additional peaks that have been associated here with 70 Ni are also observed in this spectrum at 234, 483, 683, 1080, and 1113 keV and, more weakly, at 846 and 914 keV. The properties of these γ rays are summarized in Table I. A 683-keV transition was previously identified following the β decay of 70 Co and placed as feeding the 2678-keV level in Refs. [26] and [35] . The former work also reported a 916-keV line, possibly the same transition as the 914-keV γ ray identified in the present data, which was tentatively assumed by Sawicka et al. to feed into the 2229-keV level in parallel to the 448-keV transition. In the Gammasphere PPP data, a double gate on the 448-keV and either the 1260-or 970-keV transitions yields the spectrum in Fig. 2(c) . The 683-keV line seen in Fig. 2 (b) disappears in this spectrum, whereas the other lines (apart from the 448-keV gate), including the peak at 914 keV, remain. This indicates that all of the newly identified γ rays feed into the yrast sequence above the 2678-keV state with the exception of the 683-keV transition, which instead decays to the 2229-keV level. This is contrary to the placements of the 683-and 916-keV transitions in Refs. [26, 35] . The presence of a 234-keV γ ray in these spectra supports the modified placement of the 683-keV transition depopulating a level at 2912 keV, as the energy sums and coincidence relationships indicate that the former decays from the same state (see Fig. 1 ). Figure 2 (d) presents a Gammasphere coincidence spectrum double gated on the transitions at 1080 keV and either 1260 or 970 keV. The 234-and 683-keV lines are absent in this gate. The 1080-, 1113-, and 483-keV γ rays are found to be in mutual coincidence, and are placed in a cascade directly feeding the 2678-keV state (Fig. 1) . A weak 846-keV line is observed in the spectrum dou- ble gated on either 1260 or 970 keV and either 234 or 683 keV, Fig. 2(e) , as well as in the spectra of Figs. 2(b) and 2(c). The relatively poor peak-to-background ratio for the 846-keV transition can be attributed, at least in part, to the subtraction of a large background around this energy. This transition can be consistently placed between the 3758-and 2912-keV states, and explains the observation of the 1113-and 483-keV γ rays in the spectrum of Fig. 2(e) .
Levels above the 2861-keV isomer were sought in the PDD and PPD subsets of the data as was done in, e.g., Refs. [30, 42] , but without success. In particular, none of the states identified for the first time in this work were found to decay into the isomer .
Although the 2861-keV isomer has been assumed since its initial discovery to be an (8 + ) state [24] , only the spin and parity of the 1260-keV 2 + state had been previously established experimentally, in the Coulomb-excitation Ni identified with Gammasphere following multinucleon-transfer reactions. The efficiency-corrected relative intensities Iγ were determined from the γγγ prompt coincidence data and normalized to 100 for the 448-keV transition. The excitation energy Ex for the level depopulated by each γ ray is given in the third column. The last column provides the spin-parity assignments for the initial and final levels. (2) 43 (4) 2912.0(2) (5
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measurement of Ref. [43] . To address this issue, an angular-correlation (AC) analysis was performed using a DD subset of the Gammasphere data. AC matrices were constructed as described in Ref. [30] and combined into average angle groups at 20.3
• , and 85.2
• . A gate was placed on the delayed 1260-keV 2 + → 0 + transition and the relative intensities (with appropriate efficiency corrections) of the coincident 970-, 448-, and 183-keV γ rays were determined at each angle. The results are plotted in Fig. 3 along with the theoretical curve for an E2 − E2 correlation, scaled to each set of data. The data are consistent with E2 multipolarities in all three cases. (In contrast, if they had been stretched dipoles, the AC curves would be positively sloped.) Thus, the spin-parity assignments in the yrast sequence up to the 8 + isomer are confirmed. An AC analysis was attempted in the prompt data for the γ rays feeding into the yrast sequence at the 4 + level and above, but no reliable results could be obtained for these weaker lines. Other arguments can be used to tentatively propose spins and parities, however. The 683-and 914-keV transitions were both observed in the β decay of the 70 Co ground state [26, 35] , which is expected to have spin-parity I π = 6 − or 7 − , based on shell-model considerations. Under the assumption of direct β feeding to the 2912-and 3592-keV states in 70 Ni, negative-parity assignments for both are favored. As the former decays to a 4 + and a 6 + level, it can likely be assigned I π = (5 − ). Both the 3592-and 3758-keV levels feed the 6 + member of the yrast sequence, with the latter also populating the (5 − ) state, suggesting that one of them has I π = (6 − ) quantum numbers and the other I π = (7 − ). The choice of assignments indicated in Fig. 1 shell-model calculations (see Sec. IV), as there is insufficient evidence for an experimental determination.
In a more recent examination of the β decay of 70 Co [44] , observation of a 233-keV γ ray motivated the similar placement of a 681-keV transition feeding the yrast 4 + state from a new (5 − ) level at 2913 keV; a 916-keV γ ray was also placed directly above the 6 + state based on limited coincidence events, with a second line at 683 keV proposed to decay parallel to it. These modified levels were subsequently included without discussion in Fig. 2 of Ref. [45] . The present data do not support the claims of a ∼683-keV doublet: the second line is not seen in the appropriate coincidence spectra [e.g., Fig. 2(c) ] and the branching ratio for the 234-and 683-keV transitions in these two studies only agree if the 683-keV γ ray is a single line.
It is worth adding that, using the intensities quoted in the earlier β-decay studies [26, 35] with the current arrangement of the level scheme, the net β-feeding intensity into the 2229-keV 4 + level is consistent with zero. This observation aids in assigning spins to other states in the next section.
B. Secondary fragmentation reactions with GRETINA
The data from the secondary reactions are, to a large extent, complementary to those from the multinucleontransfer experiment. This is evident in the Dopplercorrected γ-singles spectrum for the former, given in Fig. 4(a) , where the peaks at 1259(1) and 968(1) keV are the only ones common to both data sets, corresponding to the 1259.5-and 969.9-keV lines (Table I) . A transition at 608 keV had been previously identified in the β-decay works of Mueller et al. [35] and Sawicka et al. [26] , placed decaying from a 1868-keV level to the one at 1260 keV. The former study additionally observed a 1868-keV crossover transition directly to the ground state [35] ; the absence of this γ ray in the latter work was attributed to the weak population of the state in that measurement [26] . Peaks at 609 and 1868 keV are clearly visible in the GRETINA singles spectrum in Fig. 4(a) , confirming their assignment to 70 Ni. The remaining five transitions indicated in this figure were not observed in either multinucleon transfer (this work) or following β decay [26, 35] . The properties of these γ rays are summarized in Table  II . The background-subtracted, Doppler-corrected GRETINA spectrum coincident with the 1259-keV line is given in Fig. 4(b) . The expected peaks at 968 and 609 keV are visible, and there is evidence for the line at 640 keV that can also be found in the singles spectrum [ Fig. 4(a) ]. The 1259-keV transition is self-coincident, as a gate at this energy brings back a peak at a similar position; this may correspond to the 1259.6-and 1256.8-keV pair identified in the β decay of the low-spin 70 Co isomer in Ref. [35] . Peaks this closely spaced would not be resolved in the present data, so the energy of the 1256.8-keV member of the doublet is adopted from Ref. [35] and reported in Table II . 
a Energy taken from Ref. [35] .
Although this transition cannot be placed with certainty in the 70 Ni level scheme based on the GRETINA data alone, the fact that the coincident 1260-and 1257-keV γ rays were both observed in the β decay of the low-spin 70 Co isomer, but the 970-keV transition was not [35] , suggests the presence of a low-spin state at 2516.4 keV in 70 Ni depopulated by the 1256.8-keV γ ray to the 2 + 1 level. As this decay is prompt, only dipole or quadrupole transitions are expected, limiting the spin of the 2516-keV level to I ≤ 4. Based on shell-model calculations, the presence of a state with spin 1 or 3 at such a low excitation energy appears unlikely, considering the orbitals available near the Fermi surface (see discussion below). Furthermore, the absence of any observed β feeding to 4
+ states argues against a 4 + assignment here. Therefore, this state is tentatively assigned I π = (0 + ) or (2 + ). Direct feeding of a 0 + state would not be expected from a 3 + β-decay parent, as assigned by Mueller et al. [35] . However, the latter was based on systematics of β-decaying isomers in the lighter Co isotopes, and recent studies have suggested that the original assignment of I π = (3 + ) in 68 Co [35] should be changed to (1 + ) [17] or to (2 − ) [46] . In light of this controversy, the spin of the 70 Co isomer will also require further evaluation.
The weak γ ray at 442(5) keV, visible only in the coincidence data [ Fig. 4(b) ], might correspond to the known 448-keV 6 + → 4 + transition of the yrast sequence. The 1950-keV peak seen in singles is also found, rather weakly, in the 1259-keV coincidence gate; the inset of Fig. 4(b) provides the spectrum gated on this 1950-keV line, in which a concentration of counts at 1259 keV can be seen, confirming this coincidence. Figure 4 (c) provides the background-subtracted, Doppler-corrected GRETINA spectrum gated on 968 keV, in which the expected peak at 1259 keV is seen. The 609-and 1950-keV γ rays found to be coincident with the 1259-keV line [ Fig. 4(b) ] are absent in this spectrum, indicating that these two transitions feed into the yrast sequence at the 2 + level. Finally, the background-subtracted spectrum gated on 609 keV in Fig. 4(d) demonstrates the mutual coincidence of the 640-, 609-, and 1259-keV transitions. With the 609-keV γ ray depopulating a level at 1868 keV, as proposed in Refs. [26, 35] , the 640-keV transition is placed directly above this state, consistent with the relative intensities of the two lines.
The 1868-keV state γ decays directly to the ground state, ruling out the possibility of a 0 + assignment for the former level. As noted above, low-lying states with spin 1 or 3 are not expected. Thus, an assignment of I π = 2 + is adopted, in agreement with Ref. [35] [30, 32] . It should be emphasized that the secondary reactions are found to strongly populate only low-spin levels, with little or no evidence that transitions known to decay from states with spin I > 4 have been observed in the GRETINA spectra.
IV. DISCUSSION
The levels in the 70 Ni decay scheme given in Fig. 1 fall into three groups: the yrast sequence up to the 8 + isomer; a set of negative-parity states at higher excitation energies (right side of Fig. 1) ; and non-yrast, low-spin, positive-parity levels (left side). At Z = 28, the proton Fermi surface is situated well within the negative-parity f p shell, while there must be at least two neutrons occupying the positive-parity g 9/2 orbital above N = 40. The yrast sequence is dominated by the νg 2 9/2 configuration that has received considerable attention recently in light of the surprising disappearance of the so-called seniority isomers in the Ni isotopes in the middle of the g 9/2 shell [23] [24] [25] [26] [27] [28] [29] . In order to generate negative-parity levels, an odd number of neutrons must be excited out of the f p shell into the g 9/2 orbital. Generally speaking, in the simplest scenario, a neutron hole in a p 1/2 , f 5/2 , or p 3/2 orbital can couple to the g 9/2 particle, with the remaining g 2 9/2 neutrons paired to zero, producing multiplets of negative-parity states with spins as high as 7 . By breaking the paired g 9/2 neutrons, an additional 6 can be achieved. Higher-spin states could also be generated by promoting additional neutrons across the N = 40 gap or by breaking the proton core.
In Fig. 5 , the experimental levels in 70 Ni are compared to shell-model (SM) calculations including those performed with the antoine [47] and/or NuShellX [48] codes using the jj44bpn [49] , jj44pna [50] , and JUN45 [51] effective interactions. For all three interactions, the model space is comprised of the neutron p 3/2 , f 5/2 , p 1/2 , and g 9/2 orbitals outside of a 56 Ni core. The same orbitals for protons are also included in these interactions, but do not play a role for the Ni isotopes; in this constrained valence space, proton excitations out of the closed f 7/2 subshell at Z = 28 are not considered.
In the 70 Ni level scheme proposed by Sawicka et al. [26] , the (5 − ) and (7 − ) states were placed at 3146 and 3362 keV, respectively, separated by 216 keV. This energy difference is considerably smaller than that predicted by the calculations using the jj44bpn (919 keV), jj44pna (946 keV), and JUN45 (795 keV) interactions. However, the rearrangement of the 683-and 914-keV transitions in the present work, as well as the addition of the 1080-keV γ ray from a state at 3758 keV, result in an energy separation of 846 keV, bringing all three calculations into better agreement with experiment. In particular, the measured energies of the (5 − ), (6 − ), and (7 − ) levels (colored purple in the online version of Fig. 5 ) are reproduced to within 100 keV, with the exception of the 7
− state for the jj44bpn interaction (144 keV). The experimental levels at 4871 and 5354 keV have not been assigned spin and parity but, based on the expectation that multinucleon-transfer reactions predominantly populate states near the yrast line, they are assumed to have I > 7. As noted earlier, spins larger than 7 necessarily involve configurations with additional active nucleons. The 4871-keV level is similar in energy to both the 8 − and 9 − states in the jj44bpn, jj44pna, and JUN45 calculations, originating from the breaking and recoupling of the νg 2 9/2 pair. The 8 + 2 level, formed from an additional parity-changing cross-shell neutron excitation, is also predicted to be near this energy, especially with the jj44bpn interaction. The observed level is found to decay to the (7 − ) state, but not the (6 − ) one, which would favor either a (9 − ) or (8 + ) assignment. The 5354-keV state, decaying to the 4871-keV level via the 483-keV transition, can be energetically matched with calculated 9 + , 10 + , 10 − , or 11 − states, partly depending on the interaction used, any of which would be consistent with the deduced level scheme. Thus, the data are insufficient to constrain these assignments further. Regardless of the assignment, however, there is generally satisfactory agreement between the measured energies of the high-spin states and the predictions of the three sets of calculations involving only neutron excitations.
FIG. 5: (Color online) Experimental levels (exp.) in
70 Ni compared with shell-model calculations using a number of effective interactions in the neutron f 5/2 pg 9/2 model space (jj44bpn, jj44pna, and JUN45) and MCSM calculations using the A3DA interaction in the full f pg 9/2 d 5/2 space for both protons and neutrons. A tentative (0 The success of these calculations at reproducing the negative-parity states does not, however, carry over to the low-spin, positive-parity levels. In particular, while the 2 states (in blue) differ by 0.6 to 1.3 MeV from the observed ones at 1868 and 2508 keV, respectively. This can be viewed as a strong indication for a missing ingredient in the calculations related to these particular states. Naturally, proton excitations come to mind, as these were excluded from the calculations discussed thus far.
Support for this hypothesis can be found in a comparison of the level schemes of 70 Ni compared to the data while, in 92 Mo, both the experimental and theoretical energies for the corresponding states are elevated and in better agreement. As stated above, the f 5/2 pg 9/2 model space used in these calculations excludes excitations across Z = 28 for 70 Ni, and across N = 50 for 92 Mo. The observations above then lead to the conclusion that the N = 50 shell gap is sufficiently large to preclude the presence of neutron particle-hole excitations at relatively low excitation energies, but that, in contrast, the Z = 28 gap is insufficient to prevent the corresponding proton excitations. Hence, such proton particle-hole excitations that lie outside the scope of the calculations discussed thus far will now be considered.
The spectrum of states in 70 Ni was calculated with the Monte-Carlo shell model (MCSM) using the A3DA interaction [33] . Here, the full f pg 9/2 d 5/2 model space for both protons and neutrons was employed, allowing for the breaking of the πf 7/2 shell below Z = 28. This is part of the same series of calculations as recently reported by Suchyta et al. [12] that successfully described the low-lying level structure of 68 Ni. Figure 3 of Ref. [13] presented the potential-energy surface (PES) for 68 Ni as a function of quadrupole moment (deformation), wherein spherical, oblate, and prolate minima were identified; the PES is also given here in Fig. 7(a) . A modest potential barrier separates the prolate minimum from the other two, whereas there is only a negligible one between the oblate and spherical minima. The main configuration components for the 0 Fig. 8 . In these plots, circles represent the overlap between the wave function for a specific state (indicated by its spin and parity in each panel) and the basis states having quadrupole moments Q 0 and Q 2 . At N = 42, the 70 Ni ground state involves at least two neutrons occupying the g 9/2 orbital and is found in the MCSM calculations to tend towards a spherical to slightly oblate shape, as do the 2 The 70 Ni level scheme resulting from the MCSM calculations is presented on the left side of Fig. 5 This level was not firmly identified in the present work. However, two γ rays, with energies 384 and 676 keV, were observed in the singles spectrum from the secondary fragmentation experiment [see Fig. 4(a) ], but not placed in the level scheme due to a lack of sufficient coincidence information. The presence of these transitions in the fragmentation data, but not in the multinucleon-transfer experiment, indicates that they likely originate from lowspin states. If the 384-keV (or, to a lesser extent, the 676-keV) γ ray depopulates the 1868-keV 2 [12] or pair production [12, 31] ; the latter decay mode was identified with the same data sets as in the present work through the observation of delayed 511-keV annihilation γ rays [31] . A similar search here did not reveal any delayed 511-keV lines correlated with 70 Ni recoils, but the energy of the 0 + 2 state may put the corresponding E0 transition too close to the pair-production threshold for there to be any substantial probability for this process to occur. Experimental confirmation of its position awaits a new, dedicated measurement. The lowering of the proposed prolate-deformed states in 70 Ni compared to 68 Ni is indicated on the left side of Fig. 6 .
Although absolute B(E2) transition strengths have not been determined in this work, the ratio of these values for parallel E2 decays out of a given level can be calculated and compared to theoretical predictions, as was done for 68 Ni [31] . In particular, the possible 384-keV 2 In either case, the calculations indicate an underlying oblate shape for this state, as seen in Figs. 8(c), and 8(f) 2 ) level was observed at 2164 keV following β decay and interpreted in the context of seniority-conserving and -changing transitions between states based on excitations within the g 9/2 neutron shell. The lowering of seniority-4 levels such that fast, seniority-changing transitions may occur has been put forth as an explanation for the disappearance of isomerism in 72,74 Ni [27] . The calculations describing these scenarios have typically excluded the f 7/2 proton subshell and, hence, excitations across the Z = 28 shell gap are forbidden in the given model spaces (see, e.g., Ref. [29] and therein). In light of the current work, an alternate explanation for the origin of the 2164-keV 4 + state in 72 Ni is that it may be a member of a prolate-deformed proton-intruder sequence, even lower in excitation energy than its counterpart in 70 Ni. Note also that the 579-and 699-keV transitions observed in Ref. [45] , but not placed in the 72 Ni level scheme, could both be potential candidates for a 2 As noted in Ref. [13] for 68 Ni, this prolate minimum is associated with particle-hole excitations across both the N = 40 and Z = 28 shell gaps, primarily promoting neutrons from the f 5/2 and p 1/2 orbitals to the g 9/2 subshell and protons from the f 7/2 to the p 3/2 , f 5/2 , and p 1/2 orbitals (i.e., Type II shell evolution, see Ref. [13] ). The situation for 70 Ni is similar, as exemplified by the proton and neutron occupancies for the 0 + 1,2 levels given in Figs. 9(a) and 9(b), respectively. Here, at N = 42, the occupation of at least a pair of g 9/2 neutrons even in the ground state reduces the size of the πf 7/2 − f 5/2 gap through the tensor interaction [53] , such that a prolate shape similar to that in 68 Ni can be achieved at a smaller cost in excitation energy. This gap decreases further as neutron particle-hole excitations fill additional g 9/2 levels, see Fig. 9(c) . Thus, the states in the prolate potential minimum form an intruder structure at low energy comparable to those found in the well-known cases of the Sn and Pb regions [13, 22, 54] .
V. CONCLUSIONS
To summarize, the level scheme of 70 Ni has been extended both at low spins, using data from secondary fragmentation reactions with the GRETINA array, and 2 ) states are poorly reproduced by such calculations, however, and require the involvement of proton particle-hole excitations. Monte-Carlo shell-model calculations in a full f pg 9/2 d 5/2 model space for both protons and neutrons provide better agreement with the data for these states and indicate that they reside within a prolate-deformed potential minimum. Thus, 70 Ni is found to exhibit shape coexistence, similar to 68 Ni, but with the prolate structure appearing at even lower excitation energy due to the presence of additional g 9/2 neutrons affecting the Z = 28 shell gap through the tensor interaction.
